A hydrogel of covalently crosslinked chains and ionically crosslinked chains has exhibited high toughness. Under deformation, the covalently crosslinked network remains intact, and the ionically crosslinked network dissipates energy by breaking the ionic bonds. Because the broken ionic bonds can reform spontaneously, the damaged hydrogel can recover its initial state. However, the healing process of dissociated ionic bonds is slow. This paper shows that the healing process of dissociated ionic bonds accelerates under ultrasound radiation. Ultrasound enhanced the mobility of the dissociated chains, resulting in fast recovery of the mechanical properties. While a damaged gel thermally recovered 5 % of its energy density at room temperature in an hour, 37 % of the energy density was recovered using ultrasound in the same period. Molecular dynamic simulations were also included in this study to reveal the effect of ultrasound.
Introduction
Hydrogel is a mixture between polymer networks and water; hydrophilic polymer chains are crosslinked with each other, making empty space in which the water can be contained. Hydrogels generally show distinctive features, such as fine biocompatibility, swelling behavior under specific environments and elastomeric behavior. Therefore, hydrogels have been used in various applications, such as microfluidics [1] , bioinspired devices [2, 3] , scaffolds for tissue engineering [4] , drug delivery systems [5] and ionic actuators [6] [7] [8] .
During the development of hydrogel applications, deficiencies in the mechanical properties of hydrogels have steadily raised concerns [9] . Because hydrogels mostly consist of water, most hydrogels have low stiffness and toughness. To enhance the mechanical properties, researchers have synthesized many hydrogels with toughening mechanisms [10] [11] [12] [13] [14] . Among them, polyacrylamide (PAAm) / alginate hybrid hydrogels have attracted interest due to their high toughness and stretchability [12, 15, 16] . Under deformation, the covalently crosslinked PAAm chains stabilize the deformation in the background and the ionically crosslinked alginate chains dissipate energy by breaking their ionic bonds. Because the broken ionic bonds can be healed spontaneously, the process of energy dissipation is repeatable. However, the healing process is very slow, typically a damaged hybrid gel recovers 5% its energy density at room temperature in an hour. The healing process of broken ionic bonds between alginate chains and calcium ions occurs when debonded alginate chains diffuse to another alginate chains and interact via Ca 2+ -induced electrostatic forces.
Ultrasound is known to create microcavities in a solution, providing kinetic energy to water molecules near the cavities [17] [18] [19] . Because polymer chains in a hydrogel are hydrophilic, they could interact with water molecules dynamically. Thus, microscale energy supplied by ultrasound may enhance the mobility of the alginate chains to accelerate the healing process of the ionic bonds between the alginate chains and calcium ions. Here, we report a way to accelerate the healing process of dissociated ionic bonds by applying ultrasound. The effect of ultrasound on the healing process was experimentally investigated, and molecular dynamics (MD) simulations were also conducted to reveal the mechanism of fast healing. 
Experimental

Preparation of the hybrid gels
Polyacrylamide/alginate hybrid hydrogels were prepared by synthesizing two types of crosslinked networks at the same time. PAAm networks were covalently crosslinked using radical polymerization, and alginate networks were ionically crosslinked using calcium ions. Alginate powder (FMC biopolymer, LF 20/40) and acrylamide monomer (AAm) (Sigma Aldrich, A8887) were dissolved in DI water; 0.0225 and 0.1355 wt% with respect to the water were used, respectively. N,N -methylenebisacrylamide (MBAA) (Sigma Aldrich, M7279), 0.0006 wt% with respect to the AAm monomer, was added to covalently crosslink the AAm. Ammonium persulfate (APS) (Sigma Aldrich, A9164), 0.16 wt% with respect to the AAM monomer, was added in the solution as a thermal initiator for the AAm polymerization. The solution was degassed in a vacuum chamber, and N,N,N',N'tetramethylethylenediamine (TEMED) (Sigma Aldrich, T7024), 0.25 wt% with respect to the AAm monomer, was added as an accelerator. A calcium sulfate slurry (CaSO 4 ·2H 2 O) (Sigma Aldrich, 31221), which functioned as the ionic crosslinker at 0.1328 wt% with respect to the alginate, was also added. The solution was poured into a glass mold and covered with a glass plate. The gels were cured in an ultraviolet crosslinker (UVP, UV crosslinker SW) with a wavelength of 254 nm and a power of 8 W for 2 h. The gels were stored in a humidity box for a day at room temperature to finish the ionic crosslinking.
Mechanical tests
Mechanical tests of the PAAm/alginate hybrid gels were carried out using a mechanical test apparatus (Instron R ⃝ , 3342 machine) with a 500 N load cell. For the compression tests, the gel was synthesized in a 70×70×3 mm 3 glass mold and cut with a laser cutter (Universal Laser System, VLS3.50). The compression tests were conducted using disk-shaped hybrid gels with a 10 mm diameter and 3 mm thickness. Each specimen of the gel was compressed to 90% compressive strain. The speed of compression was 1 mm/min. For the tensile tests, hybrid gels with a size of 40×14×7 mm 3 were prepared. Acrylic plates were glued with a superglue to provide stiff grip areas for the tensile tests. The 20×14×7 mm 3 gel samples were loaded uniaxially after gluing. The speed of tensile stretching was 10 mm/min.
Healing tests
Damaged gels were prepared by unloading the samples after being subjected to 90% compressive strain. The gels were then submerged in 10 ml of DI water or aqueous solutions of CaCl 2 . The gels were sonicated in a conical tube (15 ml, Falcon) by using a 6.4 mm diameter sonication tip. The distance between sonication tip and sample was around 3 cm during the operation. The sonication processes were conducted using a sonicator (Son-ics&Materials, VCX-130) with a power of 26 W and a frequency of 20 kHz. The sonication time and concentrations of the CaCl 2 solutions were varied.
Molecular dynamics simulations
We employed molecular dynamic (MD) simulations to calculate the effect of sonication on the hybrid gel healing process. The simulation results were verified against actual experiment values. When the aqueous gels were sonicated with a frequency of 20 kHz, multiple bubbles of different sizes were generated. The bubbles, when sonication was applied, shrank and expanded repeatedly to deliver energy to the surroundings. The radii of these bubbles could be expressed using the Rayleigh-Plesset equation [20] , and the velocity of the surrounding water molecules could be estimated from the changes in the bubble radii. To calculate the radii of the bubbles, the Rayleigh-Plesset equation was solved under the corresponding conditions.
The surface tension, density and viscosity of water were assumed as S = 72.8 × 10 −3 N/m, ρ = 1000 kg/m 3 and µ = 1.002 × 10 −3 Pa s. The adiabatic index and hard core value of argon were γ = 5/3 and h = R 0 /8.86. The bubbles gas were considered to be argon because argon was the only remaining constituent gas among the initial air bubbles [21] . Parameters relating the sound, the speed of sound c = 1500 m/s and ultrasound angular velocity ω = 2π f , where frequency f = 1/T = 26.5 kHz, were applied.
The damaged hybrid gel and its surrounding system were modeled using the typical MD software, GROMACS [22] , with Gromos54A7 force fields [23] . Five types of alginate chains were prepared:
and 10(M 2 G 16 M 2 ), where M and G are (1-4)-linked β-Dmannuronate and its C-5 epimer α-L-guluronate residues, respectively. Simulation box sizes were set to (15×8×8 nm), (17×8× 8 nm), (30×16×16 nm), (40×20×20 nm), and (40×24×20 nm), respectively. All the systems were solvated with SPC [24] water molecules and minimized using a steepest descent algorithm. MD simulations with NVT and NPT [25, 26] ensembles were further performed for 0.2 ns with a 0.5 fs time step at three different temperatures, 298 K, 318 K, and 318 K, with sonication. The Verlet cut-off scheme [27] and xyz-periodic boundary condition were used. The particle-mesh Ewald (PME) method for long-range electrostatics was applied with a 1.0 nm real-space cut-off. The short-range van der Waals cut-off was set to 1.0 nm. To obtain the mobility of the alginate chains under sonication, the initial velocity of the water molecules was set to the value calculated using the Rayleigh-Plesset equation. In the other two cases in the absence of sonication, the initial water velocity was randomly set according to the temperature.
Results and discussion
The PAAm/alginate hybrid gel exhibited high toughness and stretchability [12] . As shown in Fig. 1a , the hybrid gel consisted of two polymer networks: the MBAA-induced covalently crosslinked PAAm network, and the Ca 2+ -induced ionically crosslinked alginate network. The two polymer networks interpenetrated, in topological entanglement. When the hydrogel was deformed, the PAAm network remained intact, but the alginate chains and the calcium ions could dissociate ( Fig. 1b ). After unloading, the PAAm network returned to their original structure, whereas the alginate network was still in a dissociated state ( Fig. 1c ). Although the gels regained their initial configuration after unloading due to the elasticity of the PAAm network, the dissociated ionic bonds remained broken, lowering the stiffness. The hydrogel was referred to as 'damaged'. Since the ionic crosslinks between the calcium ions and alginate chains could reform, the hybrid gel could heal after unloading. The recovery and reformation of the ionic crosslinks occurred thermally over time; however, it took a (a) The gel was glued to an acrylic plate leaving 20 mm of the initial length free and was hung in the air. (b) A 500 g dead weight made the gel stretch 5.5 times its initial length during the first loading, which damaged the gel. (c) After unloading, the damaged gel was reloaded directly with a 100 g dead weight, causing the gel to stretch 3.1 times its initial length. (d) The damaged gel was sonicated for 8 min in a CaCl 2 8 mM aqueous solution after unloading and was reloaded with a 100 g dead weight causing the gel to stretch 1.5 times its length. (e) Stress-stretch curves of loading, reloading and reloading after healing. The blue circle and red triangle indicate stretching with the same dead weight of 100 g representing (c) and (d), respectively. The scale bars of (a) to (d) are 2 cm. long time for the stiffness of the damaged gel to recover at room temperature. Sonication accelerated the recrosslinking speed of the alginate networks ( Fig. 1d-e ). Fig. 2 shows the stiffness recovery of the PAAm/alginate hybrid gels after ultrasonication. The gel, which was 20 mm long with a 98 mm 2 cross-sectional area, was hung in the air (Fig. 2a ). The gel was loaded with a 500 g dead weight and stretched 5.5 times its length. (Fig. 2b) . After unloading, the gel was reloaded under two different conditions. One gel was reloaded immediately after unloading, and the other gel was reloaded after sonication for 8 min in an 8 mM CaCl 2 aqueous solution. Since the hybrid gel was damaged during loading, the gel became soft, and reloading a 100 g dead weight made the gel stretch 3.1 times its length (Fig. 2c) . In contrast, the gel that was sonicated for 8 min in the 8 mM CaCl 2 aqueous solution was stretched to 1.5 times its length with the same dead weight. (Fig. 2d ). The stretch after sonication was similar to that of the undamaged gel, which stretched 1.3 times using the same dead weight. Fig. 2e shows the tensile stressstretch curves. The hybrid gel was loaded to 5.5 times its length and unloaded using the tensile machine. The damaged gel was stretched using 10 kPa, which is the stress of a 100 g dead weight on a 98 mm 2 cross-sectional area, causing the gel to stretch 3.1 times and 1.7 times its length, without and with sonication for fast healing, respectively.
Prior studies [19, 28, 29] have proven that sonication help particles to diffuse through membranes, such as lipid bilayer and polymeric membranes. Randomly produced air-bubbles shake the molecules physically across membranes, such as lipid bilayer and polymeric membranes, enhancing the transmembrane pressure and diffusivity. Sonication can enhance the recrosslinking process of debonded alginate chains with the similar shaking process.
Sonication assisted the recovery of the damaged PAAm/ alginate gel and accelerated the speed of recovery compared to the thermally healed hydrogel (Fig. 3) . The sequential procedure of the loading and reloading experiments was conducted as follows (Fig. 3a) . The disk-shaped hybrid gels with a 10 mm diameter and 3 mm thickness were compressed up to 90% of their initial length and then released. Sonication was carried out using the damaged gel to initiate the fast recovery process after unloading. Then, the sonicated gel was reloaded up to 90% compressive strain. Fig. 3b shows the first loading/unloading cycle and reloading curves after water submergence, heat treatment at 45 • C and sonication, which occurred for 64 mins. The immediately reloaded hybrid gels exhibited weakened stiffness, similar to the first unloading curve. The weakening was attributed to the inability of the dissociated ionic bonds between the alginate chains and calcium ions to recover. The weakened stiffness was recovered very slowly after a 45 • C heat treatment or water submergence. In contrast, sonication for the healing process recovered the stiffness of the damaged hybrid gel remarkably fast. Since ionic bond recrosslinking is a diffusion-based process, which is largely affected by temperature, the elevated temperatures in the DI water due to sonication were investigated. Sonication provides shaking energy to the alginate chains, but it also raises the water temperature. With a given sonication power of 26 W, the water temperature increased to 45 • C (Fig. 3c ). Therefore, 45 • C heat treatment was conducted as a comparison in order to separate the shaking effect from the thermal effect. The recovery rates of the strain energy are plotted in Fig. 3d . The gel damaged by 90% compressive loading could only store approximately 35% of the strain energy of the initial loading during immediate reloading. The recovery rates continually increased with time and were proportional to the square root of time because the recovery process was based on thermal diffusion. In cases of heat treatment at 45 • C and water submergence, the recovery speed of the damaged gel was very slow. The thermal energy from the heat treatment enhanced the recovery rates but not notably. The damaged gel recovered by 5% and 12% using water submergence and heat treatment at 45 • C, respectively. In comparison, sonication accelerated the recovery speed, regaining 37% of the initial energy density within 64 mins.
The supplement of calcium ions during sonication solution significantly enhanced the healing speed. Because the formation of ionic bonds between the alginate chains and calcium ions was a reversible process, the dissociation of ionic bonds increased the number of crosslinkable alginate chains. In this environment, the existence of the ionic crosslinker affected the recovery speed. The sonication-based healing process was conducted in an 8 mM CaCl 2 aqueous solution instead of DI water (Fig. 4a ). The damaged gel was evidently recovered after a single minute of sonication in the Ca 2+ environment. The stiffness recovery continually and constantly increased with the increasing sonication time. After 32 min of sonication in the Ca 2+ solution, the gel could endure almost twice the stress than that induced at the initial state at 90% compressive strain. The energy recovery rates are plotted in Fig. 4b . The 73% energy recovery occurred after 2 mins. Compared to that result, a recovery value of 72% was accomplished after 64 min of sonication in DI water; hence, sonication in the Ca 2+ solution accelerated the speed of healing. The ratio continually increased, and the gel hyper recovered (more than 100%) after 10 min of sonication in the 8 mM Ca 2+ aqueous solution. The recovery rate reached 160% of the initial loading after 32 min of sonication in the Ca 2+ condition.
Although the existence of Ca 2+ in the sonication solution dramatically increased the recovery speed, the key for achieving fast healing was the sonication process. A sonication time of 4 min was used with various concentrations of CaCl 2 during the healing process ( Fig. 4c) . Generally, the higher the Ca 2+ concentration was, the more the stiffness recovered. However, sonication in 8 mM and 16 mM Ca 2+ solutions recovered the damaged gel without large differences. That is, in a Ca 2+ -rich environment, the sonication time was the dominant variable rather than the Ca 2+ concentration. In addition, after sonication the samples were stored in DI water in order to check the effect of the abundant Ca 2+ supply. The gel damaged by 90% compression was sonicated in an 8 mM CaCl 2 solution for 4 min and stored in a humidity box for further recovery (Fig. 4d) . As a result, additional storing time in a humidity box did not significantly affect the recovery. Additional storage times of 0, 40, 240 and 1440 min recovered the gel as slowly as using the thermal healing process with water submergence, as shown in Fig. 3b . Thus, the existence of calcium ions in the solution simply assisted the fast recovery process by sonication. The major key of the fast recovery process of the PAAm/alginate hybrid gels was sonication.
We employed MD simulations to clarify the effects of sonication on mobility of the alginate chains. Sonication is known to supply energy to adjacent water molecules, causing the cavities to collapse [20, 30, 31] . In other words, the water molecules near cavities are mainly affected by the expansion and contraction of the bubbles. Consequently, the linear velocity of the water molecule was assumed to be approximately proportional to the gradient of the bubble radius (Fig. 5a ). The bubble radius was calculated using the abovementioned initial conditions and the Rayleigh-Plesset Fig. 5b , the bubble radius is plotted for a single sonication treatment. In particular, the first cycle of expansion and contraction was mainly used to determine the behavior of the water molecules because the sonication was continuously applied. Thus, the velocity of the water molecules could be obtained from the gradient of the first minimum peak of the bubble radius (Fig. 5c ). The water velocity under sonication was approximately 1 km/s, as driven from the high-energy acoustic microcavitation.
Generally, the temperature of the solution affected the mobility of the molecules in the solution. However, as shown above, the temperature changes by themselves were insufficient to heal the gel. To verify the influence of the two factors on healing, MD simulations of three conditions corresponding to the experiments were conducted. The water velocity under sonication was applied using an MD simulation program (GROMACS) to provide the initial conditions. As shown in Fig. 5d and e, the velocity of one alginate chain composed of 8 blocks was calculated as a function of sonication time. The alginate chain mobility was obviously improved during sonication. Compared with the experiments without sonication, the alginate chains exhibited a 6-times faster linear velocity. In contrast, as with the experiment results, the temperature effect on the mobility was negligible ( Fig. 5d and e ). In addition, the simulations were carried out while increasing the length of the alginate chains as shown in Fig. 5f . Interestingly, the sonication identically improved the mobility of the alginate molecules regardless of the chain length. As shown in Fig. 5f , under sonication, the mean velocities were increased to approximately 0.6 nm/ps for all lengths. However, the speed of the alginate chains without any treatment tended to decrease with the increasing chain length. In Fig. 5g and h, the mobility of calcium ions is plotted. The mobility of calcium ions is enhanced from 0.401 nm/ps to 0.646 nm/ps by the sonication. Under a sonication, calcium ions are slightly faster than alginate chains but the mobility of them are comparable. Therefore, we concluded that enhanced mobility of alginate chains by the sonication dominantly play a role to reduce the recovery time of the damaged hybrid gel.
Conclusion
Sonication assisted the recrosslinking process of alginate chains and calcium ions, accelerating the recovery of the damaged gels. In particular, since the existence of calcium ions supported the recovery of damaged PAAm/alginate hybrid gels, they became fully recovered within several minutes in a calcium-rich environment. Also, we clarified the effects of sonication and temperature on the healing process using MD simulations. These results can also be used for other ionically crosslinked hydrogels. Previous time-consuming healing processes can be replaced with the sonication method described herein, which takes only a few minutes to achieve complete healing.
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